In the present study, the intergenic region between the mitochondrial genes encoding subunit 3 of NADH dehydrogenase (nad3) and ribosomal protein S12 (rps12) was shown to contain a G n mononucleotide microsatellite repeat. This region was analysed in 15 species belonging to the genus Pinus and interspecific variation was detected in the form of repeat length polymorphism. Sequence analysis of a 576-bp region containing the microsatellite confirmed that the variability was due to expansion and contraction of the repeat motif and that no point mutations were present in the coding regions of the two genes. This is the first report of the occurrence of a microsatellite polymorphism in plant mitochondria.
The availability of appropriate marker systems can facilitate the investigation of genetic relationships between organisms. Analysis of uniparentally inherited genomes can provide information on phylogenetic relationships between individuals since lineages are not perturbed by recombination. Accurate knowledge of mitochondrial variation is particularly relevant due to its maternal mode of transmission and non-recombinational nature. The characterisation of mitochondrial sequences, particularly the D-loop control region, has proven to be a useful tool for phylogenetic studies in animals (for review see Avise et al. 1987) . In plants, the large size of this genome is responsible for several major structural rearrangements (Sederoff 1987) , while point mutations are relatively rare events, with average substitution rates 40-to 100-fold lower than in animals (Wolfe et al. 1987) . Consequently, the identification of mitochondrial haplotypes in plants has been mostly achieved by means of RFLPs (Strauss et al. 1993; Dong and Wagner 1993; Neale and Sederoff 1989) .
The use of hypervariable nuclear microsatellites, or simple sequence repeats (SSRs), has revolutionized the analysis of genetic variation in many areas (for review see Powell et al. 1996) . Recently, it has been demonstrated that chloroplast genomes also contain polymorphic microsatellites (Powell et al. 1995a (Powell et al. , 1995b and chloroplast SSRs (cpSSRs) have been used to study inter-and intraspecific variation in conifers (Powell et al. 1995; Cato and Richardson 1996; Vendramin et al. 1996; Vendramin and Ziegenhagen 1997; Morgante et al. 1997; Echt et al. 1998) .
In the present study, the occurrence of length variation in the microsatellite repeat contained within the mitochondrial nad3-rps12 complex (Karpinska et al. 1995) was investigated in 15 species belonging to the genus Pinus. Further sequence characterisation of the region was carried out in order to establish the nature of the observed polymorphism.
Genetic material
The genomic DNA from the various Pinus species used in this study was kindly provided by Dr. Aaron Liston (Oregon State University). The following species, all belonging to genus Pinus subgenus Pinus (hard pines), were analysed: P. attenuata, P. brutia, P. canariensis, P. contorta, P. jeffreyi, P. leiophylla, P. lumholtzii, P. oocarpa, P. patula, P. ponderosa, P. radiata, P. resinosa, P. sylvestris, P. teocote, and P. torreyana . Full details of the accessions may be found in Krupkin et al. (1996) .
Identification of mitochondrial SSR and primer design
The nad3-rps12 complex analysed in the present study was first described in Pinus sylvestris by Karpinska et al. (1995) . The region spans 781 bp and encodes two mitochondrial genes, subunit 3 of NADH dehydrogenase (nad3), and the ribosomal protein S12 (rps12). The two genes are separated by a short intergenic region of 52 nucleotides containing a G n repeat. The occurrence of nad3 and rps12 as a single unit was observed in a wide range of different gymnosperm species (Karpinska et al. 1995) .
Two sets of primers were designed using the PRIMER (v. 5.0) software package. A first set, Nad3-1 (5′-TTCCCCATGAATGG-AAGAAG-3′ and 5′-ATTGATTCGATGTAGGCATCG-3′) amplify a 109-bp fragment which contains the microsatellite repeat. Nad3-2 (5′-GTTCGCTAGTTTGTTTGATCCC-3′ and 5′-TCCCAGCAA-ATCCTTGACTC-3′) are located externally to the first set and amplify a 684-bp fragment containing both genes and the intergenic region.
Amplification of SSR repeat
A first amplification was carried out using the Nad3-1 primers under the following protocol. PCR was carried out in a total volume of 10 µL containing 20 ng genomic DNA, 1 × PCR reaction buffer (10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, pH 8.3), 200 µM dNTPs, 5 pmol γ-32 P end-labelled forward primer, 5 pmol reverse primer, and 0.5 U Taq polymerase (Boehringer Mannheim). Reactions were carried out on a MJ Research PTC 200 DNA Engine thermal cycler using the following parameters: initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 15 s, annealing at 60°C for 15 s, and extension at 72°C for 30 s, followed by a final extension at 72°C for 5 min. Products were resolved on a 6% denaturing polyacrylamide gel (7 M urea) at 80 W constant power for 2 h. The gel was transferred onto 3 mm paper (Whatman), vacuum dried for 2 h, and exposed to x-ray film overnight without intensifying screens.
Direct sequencing of the nad3-rps12 region
PCR amplification was carried out in a total volume of 20 µL containing 20 ng genomic DNA, 1 × PCR reaction buffer (10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, pH 8.3), 200 µM dNTPs, 10 pmol each Nad3-2 primer and 1 U Taq polymerase (Boehringer Mannheim). Reactions were carried out on a MJ Research PTC 200 DNA Engine thermal cycler using the following parameters: initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min, followed by a final extension at 72°C for 5 min. Products were resolved on a 2% agarose gel and visualised by ethidium bromide staining under UV light.
For direct sequencing, four reactions were carried out for each sample as described above. The products were then collected in a clean tube and purified through a resin column (Promega). Sequencing reactions were carried out on 5 µL of the purified product using 3.2 pmol Nad3-2 primers. Reactions were analysed on an ABI 377 automated sequencer and the sequences obtained were aligned using the PILEUP software (GCG, Wisconsin).
PCR amplification with the Nad3-1 primers on the 15 Pinus species produced fragments of three different sizes. A 108-bp product was observed for P. canariensis, while a 110-bp product was found in P. lumholtzii, P. patula, and P. teocote. All other species had a 109-bp product (Fig. 1) . In order to investigate the nature of the observed variation, a second pair of primers located externally to the first was designed (Nad3-2) and used to amplify the nad3-rps12 region in the 15 Pinus species. The nucleotide sequences of the amplified products were determined and an alignment of the sequences in the 576-bp region plus the corresponding sequence of P. sylvestris originally identified in the EMBL database is shown in Fig. 2 . This shows that no nucleotide substitution occurs in the analysed region and that the only variation is due to changes in the length of the microsatellite stretch, which has nine nucleotides in P. canariensis, 11 in P. lumholtzii, P. patula, and P. teocote, and 10 in the remaining species. This variation in the length of the mononucleotide repeat corresponds to the length variation observed in Fig. 1 .
Nucleotide substitution occurring in the mitochondrial genome has been extensively exploited in animals due to typically high mutation rates (Wolfe et al. 1987 ) and has been particularly useful for phylogenetic studies (Avise et al. 1987) . In contrast, the plant mitochondrial genome is larger in size and undergoes extensive structural rearrangements, with nucleotide substitution events being extremely infrequent (Sederoff 1987) . The average synonymous substitution rate for plant mitochondrial genomes is around 0.2-1.0 × 10 -9 nucleotides per site per year, 40-100 times lower than the corresponding rate in mammals (20-55 × 10 -9 nucleotides per site per year; Wolfe et al. 1987 ).
This observation of length variation at a repeat locus in conifers is the first example of SSR polymorphism in the mitochondria of plants. Recently, Szibor et al. (1997) reported a dinucleotide polymorphism in the D-loop region of the human mitochondrial genome which could be used to differentiate human populations. To date, little is known about slippage mutations as a causal mechanism of mitochondrial polymorphism, particularly at the intraspecific level, and investigation of such variation may provide new insight into the genetic differentiation of plant populations. A preliminary study has so far detected no intraspecific variation (Soranzo et al., unpublished results) at the SSR locus characterised in this study, but the observation of interspecific variation reported here describes a novel source of organellar variation which may have practical relevance for species classification. The data generated from this single mitochondrial marker partially supports published phylogenetic relationships within the subgenus Pinus based on chloroplast DNA polymorphisms (Krupkin et al. 1996 ) as compared to the traditional taxonomy based on morphological characters (Little and Critchfield 1969) . The most common allele is shared by species belonging to both the Pinea and Pinus section. However, the three species P. lumholtzii, P. teocote, and P. patula which share the 110-bp allele are according to Krupkin et al. (1996) located into the same clade (VIII) of section Pinus in contrast to the classification suggested by Little and Critchfield (1969) , which places P. lumholtzii in a different section. Pinus canariensis (108 bp) appears to be distinct from the other species belonging to the section Pinea, as suggested by chloroplast DNA polymorphisms (Soranzo et al., in preparation) .
However, differences in species relationships based on chloroplast and mitochondrial polymorphisms are not surprising if one considers that chloroplast and mitochondrial polymorphisms in conifers are inherited along opposite parental lineages. Previous studies (Soltis et al. 1992) suggest that the taxonomic relationships inferred from paternally inherited genomes are not necessarily congruent with those obtained from the maternal lineage.
